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Twist to open
Three-dimensional images of the open state of the nicotinic acetylcholine
receptor have been obtained at 9 A resolution. Comparison with the
closed state reveals the structural basis of channel gating.
Ion channels are integral membrane proteins that form
transbilayer pores through which selected ions may
pass. The nicotinic acetylcholine receptor (nAChR), re-
sponsible for synaptic transmission at vertebrate neuro-
muscular junctions, is one of the best characterized ion
channel proteins. It is essential to the function of the
nAChR that its channel is not permanently open. In
the resting state, the channels are closed - they do not
allow ions to pass through them. Upon binding of neuro-
transmitter - acetylcholine - the protein undergoes a
conformational change known as gating. This opens the
channel, allowing ions to flow at a rate of -107 sec- 1
through each pore. Two years ago, the structure of the
closed conformation of nAChR was determined at 9 A
resolution [1]. This has recently been complemented by a
structure for the open conformation of the channel [2].
Comparison of these two structures provides us with our
first molecular insight into channel gating.
The experiment that allowed nAChR to be captured in
the open conformation was both elegant and ingenious.
Although the nAChR opens rapidly (within 10 Uis)
following exposure to saturating concentrations of
acetylcholine, more prolonged (>100 ms) exposure to
acetylcholine results in desensitization, whereby the
channel enters a long-lived closed state. Trapping the
open state was achieved by spraying channel-containing
membranes with droplets of acetylcholine, followed by
rapid (<5 ms) freezing before the onset of desensitiza-
tion. Frozen membranes were used to obtain three-
dimensional images of the open channel employing the
same cryo-electron microscopy methods as used for the
closed conformation.
Comparison of the overall structures of the two confor-
mations of the nAChR reveals that acetylcholine bind-
ing leads to channel opening via a series of propagated
rotations (Fig. 1). The nAChR may be divided along
its pore axis into three zones. The A zone contains the
presumed acetylcholine-binding sites of the two nAChR
a subunits. The S zone forms a shaft linking the A zone
of each subunit to its membrane-spanning M zone.
Binding of acetylcholine to the two a subunits leads
to conformational changes in the A-zone regions, which
are propagated as rotations of their S-zone regions,
which in turn are coupled to a concerted rotation of the
M-zone regions of all five subunits. The latter change
results in the transition from an ion-impermeable chan-
nel to an open conformation through which cations
may pass.
Let us examine the channel-opening conformational
changes in more detail. The acetylcholine-binding sites
are on the a subunits. As a consequence of the differing
intersubunit contacts of a and a, the two acetyl-
choline-binding sites are functionary non-equivalent.
The exact location of the acetylcholine-binding sites in
uncertain, but on the basis of the closed state structure it
seems that they correspond to low density pockets mid-
way down the extracellular - synaptic - domains of
the a subunits. These pockets lie between three rods of
density, presumed to correspond to three a helices.
Comparing the closed and the open forms of the chan-
nel, the biggest changes in conformation within the A
zone occur in the at subunits, which undergo an anti-
clockwise rotation. The change upon binding acetyl-
choline is most pronounced in the oa8 subunit - the cav-
ity disappears and there is a concerted twisting of the
three rods. Changes in at are more limited, but appear to
pull the 3 subunit away from as, thus allowing the latter
to change conformation.
Fig. 1. (a) The subunit composition of the nAChR, viewed from
the extracellular (synaptic) face towards the membrane. The as
and a, subunits have the same amino-acid sequence but differ in
their intersubunit contacts. (b) Schematic diagram of the propa-
gated rotations that result in channel opening. The view is perpen-
dicular to the pore axis. The acetylcholine-binding (A, red), shaft
(S, green) and transmembrane (M, blue) zones are shown, along
with arrows indicating the sense of their respective rotations.
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Fig. 2. Ribbon diagrams of models of an M2 helix bundle in the closed and open conformations. The view is from the extracellular
mouth of the pore down into the cell. The model was based on the neuronal ca7 nAChR sequence, and the positions of key pore-lining
side chains are shown: L1' (green), and S4', T8' and S12' (yellow). (Unpublished work of M.S.P.S., R. Sankaramakrishnan and
I.D. Kerr; diagram drawn using Molscript [8].)
Conformational changes in the A zone are propagated
downwards via rotations in the S zone. Again, changes in
the S zone are more pronounced for the ot subunits,
which undergo a clockwise rotation of 4° . Thus, the x
subunits play a primary role in both initiation and trans-
mission of neurotransmitter-induced conformational
changes. The raison d'etre of the subunit rotations is to
alter the conformation of the pore. In the M zone, the
transition appears to be concerted, with the same rota-
tions occurring in all five subunits. Thus, as for the
closed state structure [1], it was possible to improve the
image of the M zone by five-fold rotational averaging
about the pore axis [2].
In describing in detail the conformational changes of
the pore, raw structural results may be extended by
molecular modelling. The central pore is lined by a
bundle of five M2 ca helices, each M2 helix possessing a
central kink. Combining computational procedures
used to model pores formed by bundles of simple
hydrophobic helices [3] with the 9 A resolution struc-
tural data makes it possible to generate atomic-resolu-
tion models of nAChR M2 helix bundles in their closed
and open states (Fig. 2). This allows the integration of
structural data with the results of site-directed mutagen-
esis and chemical-labelling experiments carried out to
elucidate the functional roles in the channel of specific
M2 residues [4].
There are pronounced differences in orientation of the
kinked M2 helices in the closed and open states of
the channel (Fig. 2). In the closed state, the apices of the
kinks point towards the centre of the pore, producing
an hour-glass shaped channel. In the open state, the
amino-terminal (intracellular) segments of the M2
helices are rotated clockwise by ~180° so that they lie
tangential to the pore. This results in a tapered pore
geometry, with the wider mouth at the extracellular face
of the membrane.
The kink in the centre of the M2 helix appears to play
a role in this conformational change. The closed-to-
open transition cannot be achieved by rigid body move-
ments of the M2 helices. Rather, a local conformational
change is required, in which the kink acts as a 'mol-
ecular swivel'. On the basis of mutagenesis studies, it
has been suggested that the central region of M2 is not
helical but adopts a more extended conformation [5]. A
more conservative interpretation (Fig. 2) is that the kink
is produced by small, cumulative distortions of the
M2 backbone from ideal or-helical geometry, as seen in
similarly kinked helices in globular proteins [6]. At 9 A
resolution, one cannot distinguish between these two
possibilities. In either model, local conformational
changes in the vicinity of the kink are central to channel
gating, allowing the M2 helix bundle to switch between
two conformations in response to small subunit rotations
in the S zone.
What are the consequences of the change in the M2
bundle conformation in terms of the shape and charge
distribution of the pore? In the closed conformation, the
pore is at least partially occluded by a ring of leucine
(L11') side chains. Interactions between L11' side chains
DISPATCH 375
are additive, with each change resulting in a 10-fold
increase in the affinity of the channel for acetylcholine.
At the single channel level, such mutations prolong the
lifetime of the open state of the channel. These results
confirm the importance of hydrophobic interactions
between L11' side chains in stabilizing the closed form
of the channel. As summarized in Figure 3, one can now
interpret three key properties of nAChR - gating, ion
permeation and channel blocking by anaesthetics - in
terms of the structural roles of specific M2 side chains.
Fig. 3. M2 sequences of the four nAChR subunits of Torpedo and
of the a7 subunit used in the model in Fig. 2. Below the
sequences are indicated those residues implicated in the chan-
nel-gating mechanism, in interactions with permeant ions and in
the binding of anaesthetics.
of adjacent M2 helices may help to stabilize the closed
state of the channel. When the channel switches to its
open conformation, the L11' side chains move away
from the centre of the pore to an inter-helix location.
Simultaneously, rotation of the amino-terminal segments
of M2 brings the side chains of residues 4', 8' and 12'
into the pore lining. These residues correspond to
hydroxyl-containing side chains, and thus the narrower
half of the open pore is lined by groups that aid solva-
tion of permeant ions.
An important benefit of a structural model for nAChR
gating is that it permits a more detailed molecular inter-
pretation of mutational data. In particular, the key role
of the kink region has refocused attention on L11',
which sits at the apex of the kink. Mutation of this
residue to serine (L11'S) in one, two, three, four or all
five M2 helices of a channel alters the channel gating
properties [7]. The effects of multiple L11'S mutations
Overall, the determination of the open state of the
nAChR provides us with the first real picture of a
mechanism for channel gating. In the future, a combina-
tion of higher resolution structural studies, more precise
functional dissection by site-directed mutagenesis and
integration of experimental results by molecular model-
ling studies will enable us to move towards a genuinely
molecular description of the processes underlying the
opening of an ion channel.
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